The equation of state, dynamical properties, and molecular-scale structure of squalane and mixtures of poly-α-olefins at room temperature are studied with a combination of state-of-the-art, high-pressure experiments and moleculardynamics simulations. Diamond-anvil cell experiments indicate that both materials are non-hydrostatic media at pressures above ∼ 1 GPa. The equation of state does not exhibit any sign of a first-order phase transition. High-pressure Xray diffraction experiments on squalane show that there are no Bragg peaks, and hence the apparent solidification occurs without crystallization. These observations are complemented by a survey of the equation of state and dynamical properties using simulations. The results show that molecular diffusion is essentially arrested above about 1 GPa, which supports the hypothesis that the samples are kinetically trapped in metastable amorphous-solid states. The shear viscos-ity becomes extremely large at very high pressures, and the coefficient governing its increase from ambient pressure is in good agreement with the available literature data. Finally, simulated radial distribution functions are used to explore the evolution of the molecular-scale structure with increasing pressure. Subtle changes in the shortrange real-space correlations are related to a collapse of the molecular conformations with increasing pressure, while the evolution of the static structure factor shows excellent correlation with the available X-ray diffraction data. These results are of indirect relevance to oil-based lubricants, as the pressures involved are comparable to those found in engines, and hence the ability of lubricating thin films to act as load-bearing media can be linked to the solidification phenomena studied in this work.
I. INTRODUCTION
In recent decades, the transportation industry has been dedicated to developing and implementing solutions for the reduction of CO 2 emissions, as well as for the improvement of the overall efficiency of fuel sources. This has involved increasing engine operating pressures in order to improve the engine efficiency, as well as developing new lubricants with different formulations of additives and base oils to reduce friction losses in the engines. 1, 2 There is a move towards lower-viscosity base oils, in order to reduce the inherent frictional losses in the lubricant, and to decrease the thickness of the lubricant tribofilm at the interfaces between engine components. [3] [4] [5] But decreasing the thickness of the oil film significantly enhances engine wear, and this is made worse by the increasing engine operating pressures. 4, 6 In order to improve engine lubricant formulations -to meet strict international emission standards, as well as to improve the wear protection -it is crucial to have a thorough understanding of the behaviour of lubricants over the range of conditions typically found in engines.
This work focuses on studying the high-pressure properties of model lubricant base oils, using a combination of experimental techniques and molecular simulations. Estimates of the instantaneous pressures generated between metal surfaces within engines, gear boxes, and transmission systems are on a) Electronic mail: philip.camp@ed.ac.uk the order of 0.2-5 GPa. From a thermodynamic perspective, the lowest free energy state of a normal pure substance at high pressure is a crystalline solid, while highly polydisperse mixtures may fractionate to form crystalline phases. 7 Under confinement, simple liquids may crystallize, 8 become disordered solids, 9 or even remain viscous and liquid-like while retaining the ability to bear a load, and sustain non-isotropic stresses. 10 Here, the high-pressure behaviour of some simple hydrocarbons is studied under bulk conditions. A particular focus is the crossover from a hydrostatic medium to a non-hydrostatic medium with increasing pressure. This phenomenon is wellknown in the context of high-pressure experiments, where a hydrostatic liquid is required to ensure that the pressure exerted on a (solid) sample is isotropic. Various mixtures of simple organic and silicone oils are commonly used as pressuretransmitting media, but there will always be a pressure above which the liquid becomes a non-hydrostatic solid. 11, 12 Base oils can come from a number of different base stocks, and mainly consist of various mixtures of hydrocarbons with 18 to 40 carbon atoms, and either paraffinic or naphthenic molecular structures. 13 As a starting point, it is helpful to focus on a single compound that is representative of the mixture. A major challenge associated with the molecular simulation of base oils is the complexity of the mixture, which would require a large total number of molecules in order to have each fraction represented adequately. Even from the experimental point of view, it is useful to focus on pure compounds, so that the composition and properties are well-controlled and repro- ducible. Squalane (2, 6, 10, 15, 19, 23 -hexamethyltetracosane, C 30 H 62 ) 14 is widely used as a model compound to represent the fully-saturated long-chain hydrocarbons in base oils. The molecular structure is shown in Fig. 1 . Squalane is a valued cosmetic ingredient, as it is able to increase skin hydration due to the surface occlusions, 15 and it also naturally exists in small amounts in the lipid layers of skin. 16 Furthermore, it exhibits certain bioactivity which has applications in the nutraceutical and pharmaceutical industries. 15 Therefore, understanding the properties of squalane is not only relevant to the lubricant industry, but also benefits the cosmetic and pharmaceutical industries, particularly in the manufacturing process.
Data on the equilibrium phase behavior of squalane are sketchy. The freezing temperature of squalane at atmospheric pressure is 235 K. 17 From molecular simulations by Porras-Vazquez et al., 18 the freezing pressure at 298.15 K is about 0.75 GPa. The equation of state and viscosity have been measured and fitted up to 0.2 GPa and over a range of temperatures. 19, 20 Bair and co-workers have studied the viscosity of squalane at a range of temperatures and up to very high pressures (P = 1.35 GPa). [21] [22] [23] The viscosity rises rapidly at high pressure, and based on extrapolations to a nominal threshold value (e.g., 10 10 mPa s), it is possible to define a glass transition. 23 The glass transition is also signaled by features in the thermal conductivity and heat capacity as functions of temperature. 23 Hence, a glass-transition line can be superimposed on the equilibrium phase diagram. At ambient pressure, the glass-transition temperature is 174 K (from thermal conductivity/heat capacity) and 184 K (from viscosity). 23 An analysis of these data is presented in Section III A.
The experimental work herein employs state-of-the-art, high-pressure techniques to explore the properties of squalane at room temperature and pressures of up to several gigapascals. The primary goal is to explore the equation of state at the high pressures approached in engines. Some structural information is also obtained from in-situ high-pressure X-ray diffraction (HPXRD). In the experiments, squalane is found to solidify without crystallization. Essentially, the material becomes a non-hydrostatic medium, but without long-range positional ordering of the constituent molecules.
Molecular-dynamics (MD) simulations are used to shed light on the 'undercooled' regime, with this term referring 2 to the fact that the temperature is lower than the equilibrium freezing temperature at high pressure. Using the fact that nucleation is a rare event, and that complex molecules do not often crystallize spontaneously on simulation timescales, the MD calculations are used to explore the equation of state, and the structural and dynamical properties, of squalane in the high-pressure, undercooled regime. The simulation results are generally consistent with the experimental observations, and provide molecular-scale insights on the solidification phenomenon.
There have been many simulation studies of the rheological properties of squalane, and these have mainly focused on the diffusion and (Newtonian) shear viscosity under ambient conditions, 24, 25 the non-Newtonian (shear-thinning) regime at high pressure, [26] [27] [28] and the rheological and tribological properties of the confined fl uid, ei ther on it s ow n, [29] [30] [31] or with additives. 32, 33 In the MD work by Porras-Vazquez et al., 18 referred to above and discussed in Section III A, the liquid-solid phase boundary was sketched out over the temperature range 235-500 K, and at pressures of up to about 5 GPa.
To demonstrate that other oil-like liquids may undergo a similar crossover to an amorphous solid at high pressure, some experimental and MD-simulation results are presented for a two-component mixture of trimers and tetramers of dec-1-ene, or poly-α-olefins (PAOs), as shown in Fig. 1 . A mixture with composition 80 wt% C 30 H 62 and 20 wt% C 40 H 82 is a reasonable model for Group IV base oils. Existing experimental data are available for the pure dec-1-ene trimer, 21 and these will be presented for comparison with the new results arising from the current work.
The rest of this article is organized as follows. The materials and methods are outlined in Section II, and this includes experimental work with diamond-anvil cells (Section II B), high-pressure X-ray diffraction (Section II C), and simulation work using MD (Section II D). A comprehensive set of results for squalane is presented in Section III, including experimental evidence for the solidification of squalane (Section III A), experimental and simulation measurements of the equation of state (Section III B), simulation measurements of the diffusion and shear viscosity (Section III C), and finishing with experimental and simulation results on the microscopic structure (Section III D). A short set of results for the PAO mixture is given in Section IV, and Section V concludes the article.
II. MATERIALS AND METHODS

A. Materials
Squalane was purchased from Sigma-Aldrich. The PAO mixture was provided by BP International Ltd. All experiments were conducted without further purification. 
B. Diamond-anvil cell (DAC) experiments
A Merril-Bassett diamond-anvil cell (DAC) with anvil culets of 600 µm diameter was used in all experiments. A stainless-steel gasket with an initial thickness of 250 µm was pre-indented to a thickness of 120 µm with a bore of 300 µm. The local pressure in different regions of the DAC was measured using the ruby fluorescence method, [34] [35] [36] in which the position of the R 1 line in the fluorescence emission spectrum depends on pressure in a known way. Ruby spheres were loaded into the DAC, and nine of them were randomly selected across the sample chamber; see Fig. 2 . The ruby fluorescence was excited using an argon-ion laser (514.5 nm) and detected separately for each sphere with a CCD detector attached to a Jobin-Yvon Lab Raman 300 spectrometer. All experiments were carried out at room temperature (T 297 K).
The position of the R 1 line was determined by a fit of the fluorescence spectrum using the Pearson VII distribution function. 37, 38 Pressures were then calculated using the standard ruby calibration method. 39 The standard deviation of the pressures was calculated from the local pressures P i indicated by the n = 9 selected ruby spheres. 36 In a hydrostatic medium, σ P 0, because liquids cannot support a non-isotropic stress. In a non-hydrostatic medium, such as in a solid, the local pressure can vary due to the lack of stress relaxation through the sample.
The equation of state was determined in separate experiments by determining the volume of the cavity, which is the product of the cavity area and height. The area was found from microscope images, while the height was found by measuring the distance between the external faces of the diamonds, and assuming that the compression of the diamonds is negligible. The measurement procedure will be described in detail elsewhere. 40 The loading of material in the DAC was not known accurately, and so the density as a function of pressure was scaled so that it matches the experimental or simulated values at ambient conditions. C. High-pressure X-ray diffraction (HPXRD)
High-pressure XRD (HPXRD) data were collected at synchrotron beamline I15, Diamond Light Source, UK, using a monochromatic X-ray beam with an incident wavelength of 0.424600 Å. 2D diffraction images were collected at room temperature (approximately 293 K) using a Perkin-Elmer 1621 detector. DAWN 2.11.0 software 41 was used to integrate the 2D diffraction patterns as a function of d spacing to give one-dimensional diffraction profiles. Liquid squalane was loaded into a DAC with ruby spheres. The DAC cell was gently closed, with no pressure applied, and an HPXRD profile was measured. The pressure was then increased to 5.09 GPa, and another profile was measured.
D. Molecular-dynamics (MD) simulations
MD simulations were performed using LAMMPS. 42, 43 All of the simulations were carried out starting from a random configuration of 500 molecules; in the PAO mixture, this meant 429 trimers (79.9 wt%) and 71 tetramers (20.1 wt%). The initial random configurations were generated using Packmol. 44 The interactions of the molecules were given by the OPLS force field, [45] [46] [47] either the all-atom (AA) version, or the united-atom (UA) version, in which CH, CH 2 , and CH 3 groups are represented by united atoms. Both the AA and UA force fields were used for calculations of the equation of state, self-diffusion coefficient, and structural properties, while the viscosity was computed using the UA force field only due to computational constraints. All simulations were performed in a cubic cell with periodic boundary conditions. Lennard-Jones interactions were cut off at 10 Å, while the electrostatic interactions in the AA simulations were handled using the particle-particle particle-mesh Ewald method. The equations of motion were integrated with the velocity-Verlet algorithm.
The system was first equilibrated with a 0.2 ns simulation in the NV E ensemble with a timestep of 0.1 fs. The energy was then minimized before moving on to a 10 ns run at T = 298.15 K and P = 1 atm using the Nosé-Hoover thermostat/barostat and a timestep of 1 fs. Then, 30-ns NPT simulations at different pressures were carried out to determine properties such as the equation of state, radial distribution functions, and self-diffusion coefficients.
The shear viscosity was calculated using non-equilibrium MD (NEMD) shearing simulations employing the SLLOD algorithm. 48, 49 A series of runs of 10-200 ns under constantvolume conditions were carried out over a range of (high) shear ratesγ, and the average shear stress in the shear (xy) plane was computed. The shear-rate dependent viscosity was then calculated using
Then, an Eyring equation was used to extrapolate the data to the limitγ → 0, to give an estimate of the Newtonian-regime viscosity η = η(0). 27,28,50
The UA force field was used for calculations of the shear viscosity, because of the simulation time required to obtain reasonable results. The simulations were carried out at T = 298.15 K, and at the densities determined from the NPT simulations.
The Eyring equation is not the only choice for fitting the NEMD results, the Carreau equation being a viable alternative at lower pressures. 27, 28 Moreover, an 'incremental' shearrate dependent viscosity η(γ) = d P xy /dγ may also be defined, which differs from the usual definition in the non-Newtonian regime, although Eq. (2) is used here. The reason for using NEMD simulations, as opposed to equilibrium MD simulations and the Green-Kubo or Einstein relations, is that at the very high pressures surveyed in this work, the relaxation times of equilibrium shear-stress fluctuations become extremely long, requiring very long simulations. So, although the NEMD extrapolation procedure is not perfect, it does at least give reasonable results without immense computational cost.
III. RESULTS: SQUALANE
A. Hydrostatic limit from DAC experiments
There are several widely used ruby-fluorescence methods for detecting pressure-induced solidification, such as measuring the width of the R 1 line, or the splitting of the R 1 and R 2 lines. Klotz et al. demonstrated that the most sensitive and reliable criterion is to measure the standard deviation of the pressures indicated by the R 1 lines of rubies distributed throughout the sample, as this directly quantifies the spatial variation of stress. 36 The results are shown in Fig. 3(a) . Theoretically, for hydrostatic conditions, σ P = 0 as all ruby spheres should be subjected to the same pressure. Small offsets are apparent at pressures up to about 1 GPa, which are caused by unavoidable instrumental and technique errors. Above 1 GPa, σ P increases rapidly and roughly linearly with increasing pressure. The results were fitted using a simple piece-wise analytic function, given by This quadratic function interpolates between a constant value (for P < P * + ∆P) and a linear increasing function (for P > P * + ∆P) over the range P * ± ∆P. Extrapolations of the two linear functions intercept at P = P * . Fitting the experimental results gives P * = 1.67(48) GPa, f 0 = 0.0175(25) GPa, f 1 = 0.098 (22) , and ∆P = 1.40(65) GPa. Figure 3 (b) shows the liquid-solid phase boundary for squalane estimated from MD simulations by Porras-Vazquez et al. 18 In those simulations, liquids were simulated at fixed pressure and a series of decreasing temperatures, and the liquid-solid phase transition was signalled by a change in the slope of the volume-temperature curve. If anything, these temperatures will be underestimates of the equilibrium liquidsolid phase boundary, because solidification w ould b e seen on the simulation timescale when the system is undercooled. Hence, the equilibrium boundary should be shifted slightly to the right of the line in Fig. 3(b) , and at fixed temperature, the equilibrium freezing pressure should be lower than that indicated. Accurate phase boundaries can be determined by free-energy calculations, but these would be computationally demanding for squalane. The solid line in Fig. 3(b) is a fit to the Clapeyron equation dP/dT = ∆S/∆V , with the righthand side being independent of temperature. There appears to be a kink in the data at around 325 K, and so the fit was restricted to T ≤ 325 K, giving ∆S/∆V = 0.0117(3) GPa K −1 , and a freezing pressure of 0.74 GPa at 298.15 K. Including temperature corrections does not appreciably improve the fits, a nd j ust l eads t o l arge u ncertainties i n t he temperatureindependent terms. Fig. 3 (b) also shows the glass-transition lines presented by Bair et al., 23 along with the pressure at which, in the cur-rent experiments, the liquid begins to solidify at 297 K. Extrapolations of the published glass-transition lines to 297 K give 1.30 GPa (from thermal conductivity/heat capacity) and 1.51 GPa (from viscosity). Notwithstanding the large error bar on P * , and that it is unknown how σ P should behave at the glass transition, there is good correspondence between current and published observations, indicating that the observed hydrostatic limit of squalane is associated with crossing the glass-transition line.
Before moving onto more detailed results, some simulation snapshots from NPT MD simulations are shown in Fig. 4 . Images are shown for ambient conditions (P = 10 −4 GPa) and P = 1 GPa. In simulation movies, the dynamics are seen to be arrested above 1 GPa, and there is no sign of crystallization. These observations will be discussed in more detail in Section III C and III D.
B. Equation of state from DAC experiments and MD simulations
The experimental results in Section III A show that the pressure is not uniform throughout the compressed phase. Nonetheless, the equation of state can be explored by plotting the sample density against the average pressure. The results are shown in Fig. 5(a) , scaled to give the known mass density of ρ 0 = 805.4 kg m −3 at standard pressure P 0 = 1 bar = 10 −4 GPa and T = 298.15 K. 20 Mylona Table I . The 'correlation' refers to the fit up to 0.2 GPa, and the 'extrapolation' refers to the continuation to higher pressures. Both are shown in Fig. 5(a) . The general trends in the current and literature results are consistent, although the current measurements overestimate the literature correlation and extrapolation at high pressure (≥ 1 GPa). The Tait equation of state fitted to the current results is shown in Fig. 5(a) , and the fit parameters are given in Table  I . Both A and B are in excellent agreement with the literature values, with respective deviations of about +5.5% and −11%.
Rather than pinning ρ 0 to the ambient-pressure value, it was treated as a fit parameter, and it is only 0.79% too low. A related property is the isothermal compressibility, β . The current experimental results are compared with the literature correlation and extrapolation in Fig. 5(b) . The experimental results were computed by direct numerical differentiation. At low pressure, the current experimental results overestimate the literature expression, mainly because of the small number of points in this region. At high pressure, the current experimental results are in excellent agreement with the literature extrapolation to pressures above 0.2 GPa. The value of β is almost zero at about 10 GPa. Figure 5 also shows the results from MD simulations. Firstly, the AA simulations give accurate values of the density over the whole pressure range, with there being a small underestimation at high pressure. The UA simulations overestimate the density over the whole pressure range, with the relative deviation decreasing with increasing pressure. Fitting the Tait equation of state to both sets of results gives the parameters reported in Table I . With the AA force field, ρ 0 , A, and B deviate from the literature-correlation parameters by +0.36%, +5.6%, and +61%, respectively; with the UA force field, these deviations are +4.7%, +13%, and +76%, respectively. The isothermal compressibility was calculated directly in an MD simulation at each pressure using the standard fluctuation formula 51
These points are plotted in Fig. 5(b) . The AA force field is more accurate than the UA force field, and with both force fields, the decrease in compressibility with increasing pressure is correct. Given that the literature correlation covers such a wide temperature and pressure range, the performance of both force fields is quite good, especially when one considers that they were not designed to cope with such extreme conditions. Deviations in the mass density of a few percent are tolerable for the current purposes.
On the basis of the literature correlation and MD simulations, the compressibility starts to decrease at a pressure P B, the fitted values of which are in the region of 0.1-0.2 GPa. Correspondingly, this is also where density begins to differ significantly from its ambient-pressure value. The current experimental results at low pressure are not very reliable -because of the number of available pressure pointsbut the behaviour at high pressure is consistent with all of the other available data. There is no sharp liquid-solid phase transition apparent from the experimental equation of state, and this is mirrored in the MD simulations.
C. Dynamical properties from MD simulations
Self-diffusion coefficients D were calculated in MD simulations of squalane by computing the average mean squared distance R 2 (t) travelled by each of the atoms as a function of time t. D was then calculated using the Einstein relation
It is unlikely that the asymptotic, diffusive regime can be reached at the highest pressures and densities. Figure 6(a) shows some examples in the range 0.1-1 GPa. At the lowest pressure, normal diffusion is achieved within 30 ns. At the highest pressure, the mean-squared displacement looks approximately linear over the course of the simulation, but it is possible that, asymptotically, the slope tends towards zero. Straight lines were fitted to the data over the ranges 10 ns ≤ t ≤ 30 ns, and the apparent values of D therefore characterize the diffusion over the simulation timescale, but maybe not the asymptotic long-time behavior at the highest pressures. The results from MD simulations with both AA and UA force fields are shown in Fig. 6(b) ; note the logarithmic scales. The diffusion coefficients are quite insensitive to pressure up to about 0.1 GPa, mirroring the response of the density. The ambient-pressure values of D are 1.7 × 10 −11 m 2 s −1 (AA) and 1.3 × 10 −11 m 2 s −1 (UA). These values can be compared with earlier NV T MD simulation results using UA force fields at a similar temperature of T = 293 K: in Ref. 24 , D = 3.1 × 10 −11 m 2 s −1 , and in Ref. 25 , D = 3.2 × 10 −11 m 2 s −1 and 3.6 × 10 −11 m 2 s −1 using two different models. In Ref. 24 it was noted that NV T simulations at the experimental mass density had large, negative pressures, and that "pressure corrections could roughly halve" the values, which would bring them into line with the values obtained here. Experimentally, pulsed field gradient NMR measurements give D = 2.7 × 10 −11 m 2 s −1 . 24 Here, the dependence on pressure is the primary focus. Figure 6 (b) shows that D decreases by about three orders of magnitude over the pressure range 0.01-10 GPa. By about 0.2 GPa, D has already decreased by an order of magnitude from the ambient-pressure value. At the highest pressures, the mobility of the atoms is extremely low, and as noted above, the values of D are only indicative of the local motions over a few tens of nanoseconds. Nonetheless, the general trend in D is consistent with the solidification signalled by the equations of state presented in Section III A. The overall agreement between the AA and UA simulation results is good. Experimental measurements of the diffusion coefficient would be difficult at high pressures.
The shear viscosity was measured in NEMD simulations using the UA force field. Figure 6(c) shows an example of the shear-rate dependent viscosity at a pressure of 1.01325 bar. The high-γ˙ results lie on a smooth curve, because the values of P xy and the signal-to-noise ratio are large. The extrapolation to the low-γ˙ Newtonian regime is not perfect, but even in this case, the error in η(0) is likely to be less than ∼ 0.01 mPa s. Figure 6(d) shows η as a function of pres-sure. Extrapolating the results to ambient pressure P 0 with an exponential function gives η 0 = 43.4 mPa s, which is higher than the experimental value of 27.8 mPa s. 20 Also shown in Figure 6 (d) are experimental results at 293.15 K and 294.65 K, 22, 23 simulation results at 293 K, 27, 28 and an experimental correlation/extrapolation. 20 The response of the viscosity to pressure can be characterized by two coefficients 
where α 0 reflects the exponential increase in viscosity at low pressure. Simulation results are compared with experimen-tal data at the same or nearby temperatures in Table II . The UA force field overestimates the viscosity as compared to experiments, which is also consistent with the density and diffusion coefficients being lower than those with the AA force field. Nonetheless, the values of α 0 and α * are in reasonable agreement with published values from experiments, 20, 22 and simulations 27,28 with a different UA force field. 24, 25 
D. Structural properties from HPXRD and MD simulations
The next task is to find a m olecular-scale explanation for the changes in the equation of state and dynamical properties observed at high pressure. To start, Fig. 7(a) shows HPXRD profiles o f s q ualane a t a m bient p r essure (approximately 0.0001 GPa) and at 5 GPa. The results are presented as a function of the d spacing. The essential points are that: (i) there are no Bragg peaks; and (ii) the main peak shifts from around 4.8 Å at low pressure to about 4.2 Å at high pressure.
A reduction in d spacing is, of course, expected on compression.
To gain insights on the experimental results, the radial distribution functions (RDFs) were computed in MD simulations, using both the AA and UA force fields. B e cause the X-ray scattering cross section for C is much greater than for H, Fig. 8(a) shows the carbon-carbon RDFs (including bonded pairs) calculated with the UA force field. I n a l l c a ses, g(r) tends to 1 at large r, showing that there is no long-range order. The changes in the RDF with increasing pressure are subtle. The intermediate-range correlations at 3-5 Å show some blurring with increasing pressure.
To investigate the short-range and intermediate-range order, the static structure factor was computed from the RDF using 
where q = 2π/d is the scattering wave vector, and n = N/V is the total concentration of C atoms in the system. The results are shown in Fig. 8(b) . There are two dominant peaks, at q 1-2 Å −1 and q 5-6 Å, and both shift to higher values of q with increasing pressure, consistent with the compression of the system. Looking at the RDFs in Fig. 8 , there is a subtle increase and blurring of the peaks around r 3.5 Å. This corresponds to wave vectors q 2π/r = 1.8 Å −1 , meaning the primary peak in S(q).
The peak positions q max are plotted as functions of pressure in Figs. 8(c) and 8(d) . These plots show that the peaks shift at pressures above about 0.1 GPa. The differences between the results using AA and UA force fields are small, being 0.2 Å −1 at most, and reflect the relative densities plotted in Fig. 5(a) . Given that there is no sharp liquid-solid transition with increasing pressure, one might expect that the shifts 
where the density is taken from Eq. (5), and q 0 and ρ 0 are, respectively, the wave vector and density at pressure P 0 . These plots show that the changes in S(q) are not simply due to isotropic compression of the system: the density scaling slightly underestimates the shift in the primary peak (representing intermediate-range order), but strongly overestimates the shift in the secondary peak (representing short-range order). Therefore, there must be a structural rearrangement in the system that occurs at high pressure.
Identifying all of the qualitative changes in structure would be difficult, but one obvious candidate could be the conformations of single molecules, as measured by the radius of gyration R g . A plot of R g as a function of pressure from simulations with the UA force field is shown in Fig. 9 . At low pressure, R g increases with increasing pressure (and density) due to the better packing of the molecules in parallel conformations. The ambient-pressure value of R g = 6.9 Å at 298.15 K is consistent with the simulated values of 7.0 Å and 6.5 Å at 293 K reported in Ref. 24 . Remarkably, at around 0.1 GPa, R g decreases sharply, which coincides with the increases in the peak positions in S(q). This 'molecular crumpling' effect would lead to more intramolecular contacts between atoms, and this could be connected with the shift in the secondary peak, which corresponds to real-space distances r 2π/q = 1.1-1.2 Å. One can also calculate an effective hydrodynamic radius using the Stokes-Einstein law, R h = k B T /6πηD, and this is shown in Figure 9 . R h decreases sharply above 0.1 GPa, reflecting the fact that the viscosity increases faster than the diffusion coefficient decreases, as is evident by comparing Fig. 6(b) and (d) .
Finally, the simulated S(q) is compared with the HPXRD scattering profiles. The following procedure was used to extract the single peak in the experimental results. The measured counts were fitted using a function counts = a + bq + c f (q) (12) where q = 2π/d, and a, b, and c are fitting parameters. This was meant to reflect a linear background (when counts are plotted against q), plus a modulating function that resembles the structure factor S(q). The function
was chosen heuristically to give a good fit to the peak, where r and l are further fitting parameters. The fits are shown in Fig. 7(a) , and apart from at large d (small q), they are quite good. Figure 7 (b) shows S(q) from MD simulations with the AA force field at 0.0001 and 5 GPa, compared to the functions f (q) suitably shifted and scaled along the ordinate only. The low-q oscillations in S(q) are just Fourier-transform truncation errors, and no attempt was made to control those in case the peak position and width were affected. The aim here is simply to show that the peak position and its dependence on pressure can be obtained consistently from HPXRD and MD simulations. The widths of the peaks are also comparable. The interesting HPXRD fit parameters are the lengths l = 4.47 Å at 0.0001 GPa, and l = 3.85 Å at 5 GPa; these dictate the primary peak positions in f (q) at q = 1.29 Å −1 and 1.49 Å −1 , respectively. These values are indicated on Fig. 8(c) , and they follow the same trends seen in simulations.
In summary, a combined experimental and simulation study of the equation of state, dynamics, and structure of squalane at high pressure shows that it undergoes a crossover to a solidlike state, but without crystallization. Of course, a crystalline phase must be the thermodynamically stable state at very high pressure, but the essential point is that crystallization is not observed even on the experimental timescale. Moreover, at very high pressures, the system undergoes structural arrest, meaning that the amorphous solid becomes a metastable state.
IV. RESULTS: POLY-α-OLEFINS
The aim of this section is to summarize high-pressure results for a mixture of PAOs, showing that the crossover to a high-pressure amorphous solid may be a more general phenomenon in complex hydrocarbons. Figure 10 shows the standard deviation of the pressure, as measured in DAC experiments. Fitting Eq. (4) to the data gives P * = 1.34(37) GPa, f 0 = 0.0132(28) GPa, f 1 = 0.085 (12) , and ∆P = 0.86(53) GPa. The number of points does not permit a more precise determination of the fit parameters, but it is estimated that the boundary between the hydrostatic and nonhydrostatic regimes is around 1.3 GPa, and that the liquid begins to solidify at a pressure P * − ∆P 0.5 GPa.
The equation of state is shown in Fig. 11(a) , along with results from MD simulations with both AA and UA forcefields. As in the experiments with squalane, the mass of the sample is not known precisely. In the absence of literature data on the mass density of this mixture, the experimental data have been scaled to match the mass density from MD simulations under ambient conditions. This is adequate for detecting any rapid changes in density. The results are similar to those for squalane, in that the density begins to increase at about 0.1 GPa, and that the UA force field gives a higher density than the AA force field. All of the results were fitted with the Tait equation of state, and the fit parameters are given in Table  I . The parameter A is consistent across the experiments and both sets of simulations. The parameter B is consistent between both sets of simulations, while the experimental value is considerably lower due to the lack of measurements at low pressure, and the corresponding overestimation of the initial increase in ρ.
The isothermal compressibility is shown in Fig. 11(b) . There is excellent agreement between simulations with the UA and AA force fields above 0.1 GPa, while the UA force field gives a lower compressibility at lower pressures. The experimental results are consistent with the simulations at high pressure. The agreement between the results using AA and UA force fields is good. The shear viscosity from NEMD simulations with the UA force field is plotted as a function of pressure; 10 the fit parameters are given in Table II . Also shown are experimental data for the pure trimer of dec-1-ene at 313.15 K, 21 which are the closest available in the literature. The simulation and experimental results are qualitatively similar, although the fitted values of η 0 , α 0 , and α * from simulations are poor, as calculations were not carried out over the full pressure range.
The outcome from this part of the work is that the thermodynamic, dynamic, and structural phenomena associated with the solidification o f s qualane a nd P AOs a t h igh p ressure are very similar. To some extent, this is unsurprising, because all of the molecules are branched, and of a similar molecular weight and chemical composition. Nonetheless, this may mean that these phenomena are common to a very broad range of components found in lubricant oils, and therefore, that the crossover to a non-hydrostatic medium is something that occurs in all such systems.
V. CONCLUSIONS
In this work, high-pressure experiments and MD simulations have been used to explore the equation of state, dynamical properties, and molecular-scale ordering in some hydrocarbons that are good models for lubricant base oils. All results are for room temperature, to facilitate the comparison between high-pressure experiments and simulations. As a general rule, above about 0.1 GPa, the density, isothermal compressibility, self-diffusion coefficient, and viscosity deviate significantly from their ambient-pressure values. In the case of squalane, it is possible that this occurs as the system crosses the glass-transition line in the phase diagram. At the highest pressures, above 1 GPa, the system is essentially solid: it is clearly a non-hydrostatic medium, and in the MD simulations, diffusion has ceased, and the viscosity is extremely high. Crucially, XRD experiments show that there are no Bragg peaks at high pressure, indicating that the oils remain amorphous. The computed structural properties indicate a change in the local ordering of atoms above 0.1 GPa, and an associated collapse of the molecular conformation. Moreover, the computed scattering intensity is in excellent agreement with XRD results at low and high pressure. This shows that, even on the experimental timescale, the system does not crystallize at high pressure, and given that diffusion has basically ceased, the resulting amorphous solid is a metastable state.
The solidification o f a l ubricant b ase o il i s i mportant in terms of its load-bearing ability in an asperity contact, although the effects of confinement could be just as important as the load itself. 52 But what is clear is that, under the conditions typically found in certain parts of engines, the basic physical properties of the base oil are very different from those under ambient conditions. Although this study was carried out at room temperature, as opposed to typical engine temperatures, it has produced some insights on what happens to such liquids under extreme pressure.
